It has been observed previously that the mutagenic action of nitrous acid may be potentiated by polyamines. We examined the cellular response of two deoxyribonucleic acid repair systems to treatment with spermidine-nitrite reaction products. uvrB-deficient mutants of Salmonella typhimurium LT2 showed enhanced lethal and mutagenic response to the reaction products. Lethal activity was further enhanced in a uvrB recA double mutant, whereas mutagenic activity was not detectable. Dependence of mutagenesis on the recA gene implicates the action of an error-prone repair system in the fixation of a premutagenic lesion as a mutation. From consideration of the substrate characteristics of the two repair systems studied, it is suggested that the deoxyribonucleic acid lesion formed by the reaction products of spermidine and nitrite is an intrastrand cross-link.
It is known that nitrous acid is mutagenic; there are, however, many puzzling and unresolved aspects of its mutagenic action (23) . It has been proposed that some of the base substitution mutageneses observed after treatment of cells with nitrous acid is mediated by the nitrosation of endogenous cellular amines (20) . Cellular amines present in the largest quantity are the polyamines; these are known to potentiate the mutagenic action of nitrous acid (12, 20) . Polyamines are not themselves mutagenic; on the contrary, they have antimutagenic properties (4). They are, however, suitable substrates for nitrosation (3, (8) (9) (10) (11) .
To compare the mutagenic action of spermidine-nitrite reaction products with that of other known mutagens, we examined the effect of uvr and recA repair systems on cells treated with these products. uvr-dependent repair has been shown to be error-free, whereas recA-dependent repair is error-prone (22) . We report that virtually all lesions caused by the reaction products of spermidine and nitrite which revert a missense mutation can be accurately repaired through the product of the uvrB gene. Moreover, the occurrence of mutations in response to lesion formation was totally dependent on the action of an recA-dependent, error-prone mechanism on cellular DNA. From the known substrate specificity of the uvr repair system (14) and the activity of the recA gene in the fixation of the lesion as a mutation, we suggest that the lesion produced by spermidine-nitrite reaction products is an intrastrand cross-link.
MATERIALS AND METHODS
Bacterial strains. Salmonella typhimurium LT2 strains were obtained from B. N. Ames (1), except for strain GW19, which was obtained from G. C. Walker (21) (7) were not sensitive to the spermidine-nitrite reaction products, regardless of the repair capacities of the strains used. Note that nitrite itself was mutagenic for strains TA1535, TA1950, and TA100.
To confirm the results shown in Table 1 , we determined the dose response to the mutagenic action of the mixture for the missense mutation hisG46 in five genetic backgrounds. The mutational response of the five strains (Fig. 1) Fig. 1 ). This result suggests that for a mutation to occur, a lesion must be acted upon by a recA-dependent, error-prone process. The percentage of the cells used in Fig.  1 which remained viable after treatment with the reaction mixture is reported in Fig. 2 . Most recA+ cells, regardless of UvrB phenotype, remained viable after mutagenic treatment, whereas recA strains (TS24 and GW19) were sensitive to the lethal action of the reaction mixture.
The product of the recA gene has pleiotropic effects; it is implicated in restoration of viability to cells with genetic lesions and with the conversion of those lesions to mutations. Lesions which are fixed as mutations by a recA-dependent process may remain unrepaired in strain GW19 and be expressed as lethal events. This is consistent with the observation that the number of revertants obtained was proportional to the number of treated celLs for strain TA1950, but not for strain GW19, over a 100-fold range (data not shown). This result indicates that all revertants obtained with strain GWl9 occur sponta- neously during growth limited by the amount of histidine in the plate medium, whereas most revertants obtained with strain TA1950 are induced by treatment with the reaction mixture.
We assume that the uvrB gene product acts to maintain viability by the action of an errorfree repair process, as manifested by the increased survival of strain TS24 relative to strain GW19, without a corresponding increase in the number of mutations in strain TS24.
Complexity of mutagenic reaction products. The observed mutagenic activity may be due either to a single component or to the combined action of two or more reaction products. This latter possibility is supported by an investigation of the stability of the mutagenic activity at pH 7.4. The mutagenicity of spermidine-nitrite reaction products was assayed at regular intervals after raising the pH of the mixture to 7.4. The data for an experiment performed at 250C are shown in Fig. 3 (14) that is exhibited by the mutational lesions caused by spermidine-nitrite reaction products. Involvement of a helix-distorting lesion is also consistent with the dependence of mutagenesis on the product of the recA gene, since lesions which block replication seem to be effective inducers of error-prone repair.
Formation of mutagens. It is known that the spacing of amino groups in spermidine allows noncovalent bridging of nucleotides to occur (19) . Reaction of these amino groups with nitrous acid might produce reactive functional groups with the appropriate spacing to facilitate cross-linkage of DNA. Hildrum and colleagues (3, (8) (9) (10) (11) have shown that a nitrosamine is formed at the secondary amino position of spermidine. This group, however, is not likely to be solely responsible for the observed mutagenic activity, since nitrosamines are not generally direct mutagens, and the resulting dialkylnitrosamine would not form cross-links with DNA (13) . Indeed, a dialkylnitrosamine was found to be nonmutagenic for cell-free transforming DNA (20) . A few nitrosamines are mutagenic without activation by nonbacterial enzymes, and a clue to the nature of the mutagenic compounds formed from the reaction of nitrite with spermidine may be found among them (2, (15) (16) (17) .
Another possibility, suggested by Thomas et al. (20) , involves a transnitrosation mechanism. By this hypothesis, labile nitroso compounds formed from the amines temporarily stabilize reactive nitrous acid species and promote their reaction with DNA. It is known that polyamines do not promote deamination of DNA by nitrous acid (6); however, their effect on the formation of cross-links has not been determined.
Possible role for polyamines in nitrous acid mutagenesis. The results we have obtained are consistent with a role for endogenous cellular polyamines in mutagenesis caused by nitrous acid. Spermidine is abundantly present in gram-negative bacterial cells, and the behavior of the mutational lesions caused by nitritespermidine reaction products are consistent with their possible identification as the intrastrand cross-links known to be caused by nitrous acid (5) . It remains to be proven, however, whether endogenous polyamines do indeed play such a role in nitrous acid mutagenesis.
